TeO 2 bolometers have been used for many years to search for neutrinoless double beta decay in 130 Te. CUORE, a tonne-scale TeO 2 detector array, recently published the most sensitive limit on the half-life, T 0ν 1/2 > 1.5 × 10 25 yr, which corresponds to an upper bound of 140 − 400 meV on the effective Majorana mass of the neutrino. While it makes CUORE a world-leading experiment looking for neutrinoless double beta decay, it is not the only study that CUORE will contribute to in the field of nuclear and particle physics. As already done over the years with many small-scale experiments, CUORE will investigate both rare decays (such as the two-neutrino double beta decay of 130 Te and the hypothesized electron capture in 123 Te), and rare processes (e.g., dark matter and axion interactions). This paper describes some of the achievements of past experiments that used TeO 2 bolometers, and perspectives for CUORE.
Introduction
A CUORE-like TeO 2 bolometer is a particle detector that has a relatively broad dynamic range for energy detection and can achieve excellent energy resolution. In typical operating conditions, its threshold can be as low as few keV with a resolution of ∼1 keV FWHM, while the highest detectable energy can go up to [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] MeV with a resolution of ∼5 keV FWHM.
These devices were developed in the 90's 1, 2 and have since been used for almost 30 years to search for neutrinoless double beta (0νββ) decay in 130 Te, a transition that -if observed -would prove the Majorana nature of the neutrino and consequently the non-conservation of the lepton number.
The high natural isotopic abundance of 130 Te, the intrinsic radiopurity of TeO 2 crystals, and the energy resolution comparable to that of germanium diodes, are among the main advantages of using TeO 2 bolometers for a 0νββ decay search. Moreover, CUORE recently demonstrated the scalability of this technique with the successful operation of an array of 988 TeO 2 bolometers installed at Laboratori Nazionali del Gran Sasso (LNGS), L'Aquila, Italy. Thanks to these qualities, TeO 2 bolometers were and are used to explore a number of other rare processes, from two neutrinos double beta (2νββ) decay to the investigation of dark matter and axion interactions.
In this paper we will give an overview of the studies done in the past as well as those that are on the way or that might be possible in the near future. In Sec. 2 we introduce the detector working principle with a brief description of the past experiments based on TeO 2 . In Sec. 3 we discuss results on 2νββ and 0νββ decays of Te isotopes, in Sec. 4 we discuss other rare decays ( 123 Te, electron decay, etc.) and finally in Sec. 5 we discuss the possible investigation of rare processes like dark matter interaction and supernova neutrino detection. 
The CUORE detector
The word "bolometers," despite being reserved for devices that measure the power of incident radiation, is used -in the jargon of particle physics -to indicate a phonon-mediated single-particle detector: a single crystal cooled to very low temperature, where an attached phonon-sensitive sensor measures the energy deposited by a particle. If the signal is read-out after complete thermalization of the phonons, the detector is sensitive to all the energy deposited by the particle and not only to a fraction of it, as it is in the case of a more conventional ionization-based detector. This implies a number of advantages both on the achievable energy resolution and on the capability of detecting different types of particles. These devices can efficiently operate only at a very low temperature and are also called Low-Temperature Detectors (LTDs). LTDs were suggested as high-resolution soft X-ray detectors in 1984 by D. McCammon and collaborators. 3 In the same year, E. Fiorini and T.O. Niinikoski proposed the use of bolometers for neutrino physics. 4 After more than 20 years of development, the reliable performance, the excellent achievable energy resolution and the scalability make these devices perfectly suitable for the use in rare event physics.
Low Temperature Calorimeters
A bolometer consists of three main components ( Figure 1 ): an energy absorber, in which the energy deposited by a particle is converted into phonons, a temperature transducer (sensor) that converts phonons into a readable electric signal, and a (weak) thermal link that connects the absorber to the thermal reservoir (or heat sink) used to keep the detector at low temperature.
In a very simplified model a device detecting thermal phonons can be represented as a calorimeter: a heat capacity C connected to the heat sink (with constant temperature T 0 ) through a thermal conductance G. When a particle deposits an energy E in the absorber, a temperature rise equal to E/C is produced. Denoting the absorber temperature at time t with T (t) and assuming that temperature variations are small enough such that C and G can be considered constant, we can express the temperature evolution as :
To obtain a measurable temperature rise the heat capacity C of the absorber must be very small. LTDs are then operated at a temperature of about 10 mK and are made of a superconductor or dielectric crystals, since their heat capacity is only due to the lattice contribution and follow the Debye law: C ∝ (T /Θ) 3 at low-temperatures. The decay constant, τ , has to be long enough to avoid signal truncation (since in real detectors the temperature rise time is finite) but short enough to prevent pile-up.
The intrinsic energy resolution of a conventiona detector is primarily determined by the statistical fluctuation of the number N of elementary excitations contributing to the signal. In case of a thermal-phonon detector, the fluctuations are due to the continuous phonon exchange between the absorber and the heat sink.
3 By assuming that these fluctuations are due to a Poisson process with ∆N = √ N , the intrinsic energy resolution is proportional to the mean energy of the thermal phonons exchanged (ε = k B T ):
where T is the detector operating temperature, C(T ) its heat capacity and k B the Boltzmann constant. Finally, ξ is a dimensionless factor that depends on the details of the detector and mainly on the phonon sensor (ξ ≥ 1). Eq. 2 refers to the "thermodynamic limit" of the bolometer energy resolution, when all other sources of noise or energy deterioration are absent or negligible, and is independent of the incident energy itself. For ββ decay searches using TeO 2 , we are still far from achieving this limit since the bolometer resolution is dominated by multiple"extrinsic" noise sources. These include the noise contributions from the cryogenic system, electronics noise from the signal read-out chain, electromagnetic interferences and microphonic noise. Eventually, this results in an energy resolution of the order of ‰ in the MeV energy range for macro-bolometers (absorber mass 0.1 − 1 kg ), still an exceptionally good value when compared to ionization or scintillation based detectors that make bolometers appealing for many applications. Finally, a further remarkable property of LTDs is that the absorber can incorporate the radioactive source being studied. This advantage is exploited in investigations of both β decay (as in the direct measurement of the neutrino mass [6] [7] [8] ) and double beta (ββ) decay. 
CUORE TeO 2 bolometers
In CUORE, the energy absorber is a TeO 2 crystal, which also acts as the source of the events of interest ( 130 Te 0νββ decays). This configuration is referred to as "source = detector approach" and is widely used in 0νββ experiments. This approach has two main advantages: a simple design of the detector (with a reduction of passive elements that might be sources of dangerous backgrounds) and a very high detection efficiency (since the decay under study occurs inside the detector). TeO 2 crystals have a relatively high Debye temperature (Θ D = (232 ± 7) K) 9 and, hence, a small heat capacity at low temperatures. The crystals can have excellent radiopurity and are suited for ultra-low background experiments.
CUORE crystals are cubic (5 × 5 × 5 cm 3 ) and have an average weight of ∼ 750 g (Figure 2 , left). They are made with natural Te and each crystal contains about 208 g of 130 Te (isotopic abundance η = 34.167 %). 10 The Shanghai Institute Of Ceramics, Chinese Academy of Sciences (SICCAS) produced the crystals for CUORE. The production followed a strict crystal growing and handling protocol, specially developed for CUORE, with the goal of achieving a bulk contamination of < 10 −14 g/g for both 238 U and 232 Th, and a surface contamination of < 10 −8 Bq cm −2 for both 238 U and 232 Th.
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Each crystal is instrumented with a Neutron Transmutation Doped (NTD) germanium sensor. 12, 13 These devices convert the temperature change in the crystals, (typically, 0.1 mK per MeV of deposited energy), to a resistance change according to the Shklovskii-Efros law:
where T 0 depends on the doping level (related to the neutron fluence), while R 0 depends on both the doping level and the geometry. The steep dependence of NTD resistance on the temperature in Equation 3 makes this material a very sensitive   January 18, 2018 3:2 WSPC/INSTRUCTION FILE   main   7 thermometer. By continuously measuring the resistance of an NTD chip, it is possible to detect sudden changes in the temperature of the absorber with very high sensitivity.
Each crystal absorber is also instrumented with a heavily doped Si chip which acts as a Joule heater (Figure 2, left) . The heaters have a nearly constant resistance at low-temperatures (∼ 300 kΩ). By pulsing these resistors with a reference voltage, it is possible to impart a known amount of energy in the detector and periodically monitor its gain.
15, 16
2.3. CUORE and its precursors 17 The first measurements with TeO 2 bolometers were carried out with single detector: 6 g and a 21 g crystals in 1991, 18 then 34 g in 1992, 19 73 g in 1993 20 and 334 g in 1994.
1 The first array of TeO 2 calorimeters, made by four 3 × 3 × 6 cm 3 crystals, each with an average weight of 340 g 21 was constructed in 1994. This was the first cryogenic detector with over 1 kg of mass.
In 1997, a tower made of 20 bolometers (5 floors of 4 crystals each) was assembled and cooled at LNGS. Each absorber was a 3 × 3 × 6 cm 3 crystal and the total active mass of the array was about 6.8 kg. The experiment, later named MiDBD (Milan Double Beta Decay), was the largest operating cryogenic detector of its time. It showcased an improvement over the previous measurements by reducing the background rate by a factor of 10, and achieving an energy resolution in the range of 5-15 keV (FWHM) for the 2615 keV 208 Tl line. 22 The experiment placed a lower limit of T 1/2 0ν ≥ 2.1 · 10 23 yr on the 0νββ half-life of 130 Te. In 1998, Prof. E. Fiorini proposed the idea of CUORE (Cryogenic Underground Observatory for Rare Events), where an array of ∼1000 detectors, each with a mass between 0.5 and 1 kg, would be used to search for 0νββ decay in 130 Te. 23 While 0νββ decay remains the focus of the CUORE experiment, the large target mass and the ultra-low background would be used to search for exotic and rare decays, as well as study the interactions of WIMPS and solar axions in our detectors.
Cuoricino
The first step towards CUORE was the Cuoricino experiment. The detector consisted of 44 large-size crystals (5 × 5 × 5 cm 3 ) and 18 smaller crystals (3 × 3 × 6 cm 3 ) coming from the MiDBD array. Crystals were arranged in 13 floors, with 11 modules housing 4 large-size crystals each and 2 modules housing 9 small-size ones. Cuoricino proved the feasibility of scaling to a 1000-crystals low-temperature array, achieving a good energy resolution and efficiency. Nevertheless, its performances were limited by the non-uniformity of the detector response and by the background rate in the ROI, attributed primarily to two main sources: radioactive contamination of the cryostat or its γ shields and degraded α particles from the surfaces of the crystal holder (mainly the copper).
An intense R&D activity was pursued within the CUORE collaboration to mitigate the background sources of Cuoricino. We defined a strict protocol for crystal growth and polishing 11 and adopted an elaborate cleaning and storing procedure for each part of the detector. 26 We designed and realized a new detector assembly line (CTAL, CUORE Tower Assembly Line ) to ensure single detector reproducibility while avoiding recontamination. 
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CUORE-0 trigger thresholds ranged from 30 keV to 120 keV. The effective resolution (exposure-weighted harmonic mean energy resolution) at the 2615 keV 208 Tl line was (4.9 ± 2.9) keV. The recorded background rate was 0.058 ± 0.004(stat) ± 0.002(syst) counts/(keV·kg·y) in the ROI, with an improvement of about factor 3 with respect to Cuoricino, and (0.016 ± 0.001) counts/(keV·kg·y) in the α-region, roughly 7 times smaller than in Cuoricino. Both the improvements are mainly ascribed to a reduction in the amount of degraded α particles coming from the holder, with the result that the background rate in the ROI of CUORE-0 was dominated by the irreducible contamination in 208 Tl of the cryostat. The new assembly line and procedures resulted in robust and reproducible detector characteristics, and the detector showed excellent bolometric performances with an effective background suppression. These results demonstrated that all the solutions and procedures selected for CUORE-0 could meet the goals for CUORE. floors with 4 crystals each). It is, by far, the largest detector operated as a lowtemperature calorimeter. The array is hosted in one of the largest cryostat ever constructed to reach a base temperature of < 10 mK. 33, 34 Even from the point of view of radioactivity the cryostat is one of the significant differences between CUORE-0 and CUORE. One of the major sources of γ-ray background in CUORE-0 was indeed the cryostat itself. By carefully selecting the materials for the cryostat construction, we hoped to have mitigated the γ-ray background substantially for CUORE.
The full detector assembly took almost two years, from September 2012 to July 2014. The successful completion of the task definitively proved the effectiveness of the CTAL, gluing and bonding protocols. Before being installed inside the CUORE cryostat, the towers were stored inside the CUORE clean room into sealed containers constantly flushed with clean N 2 gas to prevent any contamination from radon, waiting for the end of the commissioning of the cryogenic system. The tower installation was successfully performed in summer 2016, and CUORE started its commissioning phase at the beginning of 2017. The initial months were dedicated to the system optimization and setting of the optimal working points.
For the initial phase of CUORE, we operated the detectors at 15 mK, where we found the signal-to-noise ratio from the thermistors to be optimal. After a total TeO 2 exposure of 86.3 kg·yr, the preliminary background rate in the ROI is (0.014± 0.002) counts/(keV·kg·y) , with a dramatic improvement with respect to CUORE-0. Concerning detector performances, in this first phase an effective mean energy resolution, on 984 of 988 functioning channels, of (7.7 ± 0.5) keV has been obtained. Additional optimization campaigns are in progress with the aim to improve the detector performances by optimizing the experimental operating conditions. The first CUORE preliminary science results have been recently published. 35 
Detector read-out and acquisition
We present here a brief description of the read-out chain and the data acquisition systems adopted in both CUORE-0 and CUORE (the systems used in the previous experiments were quite similar as similar was data production, later described). To read out the signal, each thermistor is biased in differential configuration with a bipolar voltage generator connected to a pair of load resistors, finally connected to the thermistor terminals. The resistance of the thermistor varies in time with the temperature, R(t), and the voltage across it, V R (t), is the bolometer signal. The value of the load resistors, R L , is chosen to be much higher than R(t) so that V R (t) results only dependent to R(t), following the law introduced in Eq. 3. The signal V R (t) is amplified by a low-noise front-end electronics, 36 filtered by a 6-pole active Bessel-Thomson filter 37 and then digitized with an 18-bit analog-to-digital converter 38, 39 (ADC) with a sampling rate of 1 kHz (125 Hz in CUORE-0). The front-end boards, which provide the bias voltage, the load resistors, the amplifier, and the filter boards are placed outside the cryostat, at room temperature. 
Data production
A software derivative trigger is used to identify thermal event pulses and collect them in 5 s windows. Each window is divided into two parts: 1 s before the trigger and 4 s after it. The period before the trigger (pre-trigger) is used to establish the baseline temperature of the crystal, and the remaining 4 s is used to determine the pulse amplitude. Forced random triggers are used to evaluate the detector noise and to perform threshold studies. As mentioned in Sec. 2.2, a Joule Si-heater resistor is also coupled to each crystal with epoxy and is used to generate reference thermal pulses every 300 s. These induced pulses are used to stabilize the gain of the bolometer against temperature fluctuations. To improve the signal-to-noise ratio, an optimal filter is applied to each pulse, 40 exploiting the distinct power spectra of particle-induced and noise waveforms. The pulse amplitude is determined from the maximum value of the filtered waveform. The data are grouped into datasets, which last approximately one month. At the beginning and at the end of each dataset, the detector is exposed to a radioactive source to calibrate the detector. The CUORE calibration system consists of 12 low-intensity 232 Th sources attached to Kevlar strings. 41 During the calibration, the strings are lowered from room temperature into the cryogenic volume amongst and around the towers. In CUORE-0 and its precursors, calibration procedure were similar but the source was external to the cryostat.
The data production is a procedure that converts the data from a series of triggered waveforms into a calibrated energy spectrum. The procedure developed for CUORE is similar to the one developed for CUORE-0, 42 but scaled to 1000 channels. First, a time-coincidence analysis is performed to search for events due to external sources that deposit energy across multiple bolometers. Then, a series of event selection cuts are performed to maximize the sensitivity to physics events. This selection includes the identification of cryostat instability and malfunction periods and a series of pulse shape cuts to reject deformed or non-physical events. The searched-for events are usually confined within one crystal. However, many background sources deposit energy in multiple crystals within the response time of the detector. By event multiplicity, it is possible to form multiplets of events that occur within a coincidence window of ±5 ms in different crystals. For each multiplet it is possible to build the related spectrum:
• M spectrum is the energy spectrum of all events, each hit crystal corresponds to an entry in the spectrum and no coincidence criteria are applied; • M 1 spectrum is the energy spectrum of the events with the requirement that only one bolometer is involved (multiplicity 1 or M 1 events); • M 2 spectrum is the energy spectrum of the events with the requirement that two bolometers triggered (multiplicity 2 or M 2 events); • Σ 2 spectrum is the energy spectrum associated to M 2 pairs, each pair produces an entry with an energy E(Σ 2 ) that is the sum of the energies of the two events. Higher-order multiplets are used only to evaluate the contribution to the background from muons. The signal cut efficiency as a function of energy is defined as the fraction of true signal events that pass all the event cuts. More details on these selection techniques are presented in dedicated papers.
42, 43
To optimize the search for low energy rare events, 44 such as solar axions or WIMP scattering, the standard derivative trigger is replaced by an optimum trigger (OT), that allows us to lower the threshold below 30 keV. The OT algorithm used in CUORE is an improved version to that presented in the past. 45 The data buffer is divided into slices that are continuously filtered in the frequency domain with the optimal filter mentioned above. The filtered waveforms have an improved signalto-noise ratio, and baseline fluctuations are reduced. This allows triggering on the filtered signal in the time domain with a threshold as low as < 10 keV. The optimumtriggered waveforms are converted into physics data following a procedure similar to the standard data production introduced above.
Dangerous backgrounds and mitigation strategies
The search for a rare event, such as a 0νββ decay source, means operating a detector avoiding, as far as possible, any spurious sources that can mimic the event under study (e.g. radioactive sources or cosmic rays). Any event producing an energy deposition similar to the searched-for decay increases the background and hence spoils the sensitivity of the experiment. Background sources are cosmic rays, natural or artificial radioactive contaminations in the laboratory environment and in the experimental set-up, and finally the radio-impurities contained in the detector itself. A combination of approaches is necessary to reach a low background rate. First an underground location is fundamental to get rid of cosmic rays. Shielding the detector components from environmental radioactivity, screening materials to achieve low radioactive contamination, carefully preventing recontamination with radon daughters, and actively rejecting background events are all also required. CUORE, as its precursors, is operating in Hall A of the LNGS laboratory. This provides the detector with an overburden of 1400 m of rock (3600 meters of water equivalent) which reduces the cosmic ray rate by 6 orders of magnitude relative to the surface. The measured residual rate is roughly one muon per hour in CUORE.
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The CUORE detector is completely surrounded (laterally, below and above) by lead shields. In particular, the innermost one is made of ancient Roman lead. This is characterized by an extremely low radioactivity and it is almost fully depleted of 210 Pb. The outer shields protect the detector from environmental γ-rays and neutrons. The innermost shields protect the detector from the γ radiation produced in the outer shields or in the cryostat itself and have to meet strict radioactivity limits in order to be a negligible source of background.
The contaminants present in the detector raw materials were reduced through a careful screening. Three main techniques for screening materials were used: direct γ-ray and α-particle spectroscopy, inductively coupled plasma mass spectroscopy (ICP-MS), and neutron activation analysis (NAA). The CUORE towers were built using clean and controlled techniques. All activities were carried out in a dedicated class 1000 (ISO 6) cleanroom located in the underground CUORE hut. The cleanroom contained glovebox-enclosed systems for assembling the towers in radioclean conditions under nitrogen atmosphere. The assembly procedure used two separate workstations: one for gluing chips to crystals and one for building and instrumenting the towers. At the end, the tower installation was performed in a controlled clean room environment with radon-free air, filtered by a dedicated system. 47 
Second order weak decays of Te
2νββ decay is a second-order weak decay, which occurs in a few of the even-even nuclei, where the initial nucleus (A, Z) can decay into its isobar (A, Z+2), emitting two electrons and two anti-neutrinos in the process. For a fraction of these nuclei, the decay to neighboring odd-odd isobar (A, Z+1) is either energetically disfavored or forbidden by the spin-parity conservation lawslaws, and the experimental observation is easier. The process conserves lepton number and is consistent with the "Standard Model" of particle physics. 2νββ decay has been observed for 11 nuclei. 48 However, if the final states have only two electrons and no anti-neutrinos are emitted, then we can have another rare mode of decay which is known as 0νββ decay which violates lepton number by 2 units (∆L=2). Both the decay modes can occur either to the 0 + ground state or to the excited states (0
Similarly, a second-order weak transition can happen from (A,Z) to (A, Z-2) through β + β + , ECβ + or EC-EC decay modes. In β + β + transitions a significant fraction of the available energy goes to the positron masses. The transition energies as well as the experimental sensitivities are correspondingly lower.
Naturally occurring tellurium contains three candidate isotopes which can undergo second order weak decay:
130 T e and 120 T e have relatively high Q values and, hence, have a higher expected decay rate. The sensitivity of the search is further enhanced by the fact that there are less background sources to contend with at higher energies. In the following subsections, we will highlight the results for the (ββ) decay searches from CUORE-0 and CUORE.
3.1.
130 Te neutrinoless decay
The search for 0νββ decay is mainly motivated by its ability to probe the Majorana nature of the neutrinos. The existence of 0νββ decay necessarily implies a Majorana mass for the neutrino, regardless of the mechanism that is used to induce 0νββ decay in a gauge theory. 49, 50 The importance of Majorana neutrino mass stems from the fact that it can not only help explain the smallness of the observed neutrino masses, 51, 52 but it also provides a mechanism to explain the matter-antimatter asymmetry in the universe. 53, 54 Further, the search for 0νββ decay also probes the absolute mass of the neutrinos and their hierarchy. 55 The decay rate of 0νββ, 
where G 0ν is the phase-space factor the nuclei, M 0ν is the nuclear transition matrix element, and m ee = |Σ i U 2 ei m i | is the effective Majorana mass for light neutrinos and is the only relevant parameter measured in 0νββ decay. m i denotes the neutrino mass and U ei is the corresponding component of the neutrino mixing matrix. The sensitivity of the search depends on how precisely we can measure T 1/2 0ν . The crystal size of CUORE ensures that both the electrons emitted in the 0νββ decay of 130 Te are mostly contained inside a single detector crystal, unless the event occurs near the surface. In fact, Monte Carlo simulations place the containment efficiency to be ∼88%. Therefore, the experimental signature that we are looking for is a mono-energetic peak at the Q-value of the 130 Te decay, Q ββ = 2527.515 ± 0.013 keV. [56] [57] [58] In presence of background-fluctuations, the sensitivity of the experiment can be expressed as
where η is the isotopic abundance of the candidate nuclei, is the efficiency of the detector, M is total active mass of the detector, t is the livetime of the experiment, B is the background rate expressed in counts/(keV·kg·y), and δE is the energy resolution in the ROI. As mentioned before, bolometers have excellent energy resolution and are suited for a sensitive 0νββ search. On the other hand, considerable of effort is needed to reduce the background rate in the ROI. While the Q ββ lies in between the 2615-keV line from 208 Tl and its Compton edge, the primary background contribution to our ROI is from degraded α particles from materials near the surface of the detector and the multi-Compton scattered γ-rays, namely, from 208 Tl and 214 Bi.
3.1.1. CUORE-0 CUORE-0 was designed to validate the background rejection techniques that were developed for the construction of the CUORE detector. It was the first of the twenty towers to have come out of the CUORE detector assembly line. Despite being a prototype for CUORE, CUORE-0 has been a sensitive experiment on itself, searching for 0νββ in 130 Te with a total exposure of 35.2 kg·yr of TeO 2 , or 9.8 kg·yr of 130 Te. In the following subsections, we will first discuss the results from CUORE-0 before dwelling on the results from CUORE, pointing out the subtle differences between the two experiments wherever necessary.
The analysis techniques and results from CUORE-0 have been well described in the literature. 42 We will simply cite the results here. Figure 3 shows the CUORE-0 spectrum around the ROI which we defined as the energy range 2470−2570 keV. One can clearly see that the shape of the background in the ROI closely matches the shape of the normalized calibration data. This indicates that the background in Te X-ray Escape Physics spectrum Normalized calibration spectrum the ROI is dominated by the multiple scattered γ background rather than a flat α background as expected from degraded α's. The ROI also shows a peak at ∼ 2507 keV which is attributed to the sum peak of 60 Co gammas. The presence of 60 Co is due to the activation of the copper frames and internal shielding in the cryostat. The 60 Co sum line is still far away from the Q-value of 0νββ, but needs to be taken into account while fitting the ROI. To fit a peak in the region of interest it is necessary to understand the response of each detector to a mono-energetic 0νββ decay. We modeled the response based on the measured response to the 2615 keV calibration peak. The full calibration response was modeled using a five component un-binned extended maximum likelihood (UEML) fit to 2615 keV line for each detector in a dataset (see Figure 4) . The mono-energetic peak is well described by a double-Gaussian. The secondary Gaussian has a slightly lower mean energy and accounts for ∼5% of the events under the peak. The reason for the presence of a secondary peak is still under investigation. The substructure was independent of the data analysis steps and the double-Gaussian reproduced the data well across the energy range.
Once the lineshape is known, we fit the ROI to determine the yield of 0νββ events. We performed a simultaneous UEML fit in the ROI ( Figure 5 ). The fit components included a double-Gaussian at the Q-value, another double-Gaussian accounting for the 60 Co sum peak, and a constant background attributed to multi- 
Compton events from
208 Tl and α decays at the surface. We obtained a best-fit decay rate of
and a background rate in the ROI of
The 90% C.L. median sensitivity for half-life, assuming no 0νββ signal and the above background, was calculated to be 2.9 × 10 24 yr. We obtained a Bayesian upper limit on the decay rate by using a profile likelihood method. We got an upper limit ofΓ 0ν < 0.25 × 10 24 yr −1 or T 1/2 0ν > 2.7 × 10 −24 yr at 90% C.L. The probability to obtain a more stringent limit is 55% and the limit is slightly worse than the median sensitivity because of the slight upward fluctuation in the background at the Q-value.
CUORE
The physics spectrum for CUORE, 35 close to the region of interest, is shown in Figure 6 . We see that the background in the ROI is relatively flat and does not follow the shape of the Compton-scattered background as expected from γ-rays. This is an important distinction to make from CUORE-0; we did manage to significantly reduce the γ-ray background, but are limited by the background from the degraded αs near the detector surfaces.
We have also found the response of the CUORE detectors to be different from that of CUORE-0. Unlike CUORE-0, where a double-Gaussian was used to fit a photopeak, in CUORE the same peak was better described by a triple-Gaussian fit, with subpeaks on the left and right of the main peak respectively. We are currently investigating the origin of these substructures. However, we did take the lineshape uncertainty into account and treated it as systematic uncertainty in our final calculations. Figure 7 shows the combined fit for the 2615 keV photopeak of all the channel-dataset pairs in CUORE.
Following the procedure outlined for CUORE-0, we performed a simultaneous UEML fit in the ROI (2465−2475 keV) to determine the yield of 0νββ events (Figure 8) . The fit components included a triple-Gaussian at the Q-value, another triple-Gaussian accounting for the 60 Co sum peak, and a continuum background attributed to multi-Compton events from 208 Tl and α decays at the surface. Figure 8 shows the 155 events that passed all the selection criteria together with the UEML fit. We observed a large negative fluctuation for a signal at the Q-value, leading to a best-fit decay rate of 
We integrated the profile likelihood for positive values ofΓ 0ν and obtained a 90% C.L. upper limit to the half-life of T 1/2 0ν > 1.4 × 10 25 yr. The probability of obtaining a more stringent limit was 2% and the median 90% lower sensitivity of T 
). The obtained half-life limit was used to constrain the effective Majorana mass of neutrinos in the framework of 0νββ induced by light Majorana-neutrino exchange. While the phase space factor for the decay has been precisely calculated, the nuclear matrix element calculations are model dependent. Depending on the model considered, we obtained an upper limit of m ββ <(140−400) meV (see Figure 9) .
Efforts are going on to improve our experimental conditions and analysis techniques, through which we hope to meet our background level expectation of ∼0.01 counts/(kg·keV·yr) and an energy resolution of <5 keV. This will yield a sensitivity of T 1/2 0ν > 9 × 10 25 yr (90% C.L.) with 5 years of live time, and will be very close to probing the inverted hierarchy mass region as shown in Figure 9 . Dependence of m ββ on the absolute mass of the lightest neutrino. CUORE yields an m ββ value of < (140-400) meV at 90% C.L., depending on the nuclear matrix element. It will get very close to probing the inverted hierarchy region in 5 years of livetime.
130 Te two neutrino decay
In 2νββ, two electron anti-neutrinos are emitted in addition to the two electrons. The decay occurs whether or not neutrinos are their own antiparticles and it is the only decay mode allowed by the Standard Model for ββ candidates like 130 Te. This process is the slowest nuclear decay directly observed. 59, 60 It is studied because it can provide relevant insight into nuclear theory 61 and may as well represent an important irreducible source of background for the search of 0νββ decay. Indeed, the energy resolution of the detector produces a smearing of the spectrum that, near the end point, leads to a mixing of 2νββ and 0νββ signals so that the former can be a relevant background source for the latter. However, 130 Te has a long half-life and this effect is completely negligible for bolometers 62 while it is sizable in poor energy resolution detectors like liquid scintillators.
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Bolometers are certainly among the most sensitive detectors that can be used to search for long lived decays. However, the measurement of 2νββ half-life is extremely challenging, unlike the transitions with a strong signature (e.g. the monochromatic lines of 209 Bi α decay 64, 65 ) where the measurement is quite straightforward. The two electrons emitted in the 0νββ decay of crystals, so that in most cases both are detected in the same bolometer where the decay occurs (M 1 signals). The resulting energy spectrum of the sum kinetic energies of the two electrons has a bell-like shape extending from 0 up to the 130 Te Q-value, with a maximum at about 850 keV. The signature of the decay is therefore quite weak. Moreover, a number of background sources contribute to the detector counting rate in the same region.
2νββ decay in CUORE-0
To disentangle the 2νββ signal in CUORE-0 data we had to identify and estimate all the major background sources, resulting in a "background model" which was able to explain the counting rate of the array over a wide energy range. 44 In the following subsections we will briefly describe the procedure adopted for the model construction before discussing the main results.
(1) We developed a detailed Monte Carlo simulation of the detector, the cryogenic apparatus and the shield system, taking special care in reproducing not only the geometry of the set-up but also the response of the detector (energy resolution, threshold, etc) and the daq/analysis procedures (pile-up treatments, definition of coincidences, etc) so that simulated data closely resembled the real data; (2) We validated the simulation using a calibrated source, proving that the reproduction of experimental data is extremely good above 300 keV; (3) We defined the list of all the sources that could contribute to the counting rate of an underground experiment, from the environmental neutron, muon and γ fluxes to the usually present U, Th and K radioactive contamination of materials. The list was completed using information from the material radioactive assay campaign preceding CUORE-0 detector construction. Complementary information also came from the analysis of the CUORE-0 spectrum itself: from the analysis of α peaks we reconstructed the violation of secular equilibrium in U and Th chains; from α and γ peaks we identified some radioactive contaminant specific of our experiment (e.g. 125 Sb likely due to Te activation, 190 Pt due to crystal contamination during the growth procedure, etc); (4) We produced a set of simulations, one for each source and each possible location of the source (here we made the assumption of an uniform distribution of contaminants in bulk and/or surface of the various geometrical elements) and fitted their sum to CUORE-0 experimental data, with activities being the free parameters to be estimated by the fit; (5) We fitted experimental data with a Bayesian algorithm adopting, for source activities, priors defined using constraints from material assays (already mentioned at point 3). The experimental data used in this analysis were M 1 , M 2 and Σ 2 spectra averaged over the whole array. These three spectra were simultaneously fit to their simulated counterpart deriving posterior estimates for the background source activities together with estimates of the correlation among rs for N j , which describe our prior knowledge about ctivities, are specified in Table 8 . In the case of a d activity, we adopt a Gaussian prior centered at ured value with the measurement uncertainty as the the Gaussian. For upper limits, we adopt a half with a width such that our 90% upper limit is the e of the prior. In all the other cases, we use a uniform rmative prior with an activity that ranges from 0 to limit higher than the maximum activity compatible CUORE-0 data. Similarly, we use uniform priors e ranges for C MC i j,α . ose a variable binning of the spectra to maximize the single bin. The minimum bin size in the continuum is 15 keV, and bins with less than 30 counts are merged with their immediate neighbor. The fit extends from 118 keV to 7 MeV. The threshold at 118 keV is set to exclude the low-energy noise events (contaminating few datasets) and the nuclear recoil peak (which is mis-calibrated). In building the 2 spectrum, we require that the energy of each event is above threshold. An exception is set for events with E > 2.7 MeV in coincidence with events below the fit threshold, to correctly build-up the Q-value peaks in the α region of 2 spectrum. the different sources; (6) We investigated possible bias in source activity estimate by observing how the fit was dependent on binning, threshold, data-sample, etc. Figure 10 shows the reconstruction of the M 1 spectrum (M 2 and Σ 2 reconstructions are shown in 43 ). Figure 12 shows the 2νββ contribution predicted by the fit. The obtained 2νββ half-life is shown in Table 1 together with those reported by previous experiments: NEMO and MiDBD. The large systematic error gives a clear indication of the difficulties that are faced in this kind of analysis, difficulties that are all related to the identification and quantification of the competing background sources.
2νββ decay in MiDBD
MiDBD was a small array of TeO 2 bolometers, among which two crystals were enriched in 130 Te and two in 128 Te (therefore being depleted in 130 Te). These four crystals were used to measure the 2νββ half-life of 130 Te studying the difference between the spectra recorded by two 130 Te enriched and two depleted ones. 22 Assuming a similar background recorded by the four crystals and due to contaminants isotropically distributed around them, the only difference in their counting rate could be ascribed to 130 Te 2νββ decay in the enriched ones. An excess of the counting rate of the 130 Te enriched detectors with respect to the depleted was indeed observed. However, it was immediately evident that the condition of identical contaminants isotropically distributed in the crystals and around them was not met. This required a careful analysis of the contribution of sources violating this hypotheses, that resulted in a large systematic uncertainty (see Table 1 ).
2νββ decay, from CUORE-0 to CUORE
The CUORE-0 result was obtained using only natural crystals and using a full background reconstruction. This means that instead of having few free parameters as in MiDBD (the activities of the few sources that affected the counting rate of the two couple of enriched and depleted detectors differently), the whole background had to be studied and activities estimated for 57 sources. However, thanks to the good energy resolution and threshold of the detectors (both much improved with respect to the MiDBD ones), a larger coincidence efficiency together with an enhanced ability in reproducing detector behavior through Monte Carlo simulation, the systematic uncertainty is 5 times lower than in MiDBD. The main contribution to the systematic uncertainty in CUORE-0 analysis, is still due to the imperfect reproduction of the contaminant distribution topology, in and around the detectors, a weakness that very likely CUORE, thanks to the high granularity of its detector will overcome. dness of the fit in the activities are used as an the 57 source sults as an exact eed, degenerate e to represent a older that also ts, surface condeled with few dramatically poorer fit in this region.
The 2νββ activity is (3.43 ± 0.09) × 10 5 Bq/kg, with a statistical uncertainty that is amplified by the strong anticorrelation to the 40 K contamination in crystal bulk (but not to other 40 K sources). Indeed, this is the only case where the β spectrum of 40 K (having a shape that resembles that of 2νββ) contributes to the detector counting rate. For all the other 40 K sources, only the EC decay (branching ratio 89%) contributes to the detector counting rate through the 1460 keV line and its Compton tail. The Posterior for the 2νββ activity as obtained from the reference fit is shown in Fig 14. Also shown is the Posterior associated to the fit bias. This is derived from systematic studies discussed in Sect. 8 and is represented as a flat distribution. CUORE analysis will adopt a procedure similar to the one used for CUORE-0. Given that the mass is nearly 20 times larger and the background counting rate reduced by about a factor 4 (see Fig. 11 ), the statistical error will accordingly be reduced. Moreover, the self shielding of the detectors implies that the inner core of the array should be less sensitive to external sources (from shielding and cryostat) with two advantages: a lower counting rate and a reduced number of sources contributing to systematics. This study is presently in progress.
3.3.
130 Te decays to excited states Figure 13 . Despite the long life-time theoretically predicted for this decay channel, the interest in its study arises from the fact that in an array of close packed detectors the strong signature provided by the simultaneous detection of one or two gammas in the detectors that are close to the one where the decay occurs, can lead to a background-free search. Less appealing is on the other hand the study of the transition to one of the two 2 + excited levels (0 + → 2 + 1,2 ) since its amplitude is strongly suppressed by angular momentum conservation.
The strategy adopted for this analysis is to exploit multiple coincidence patterns that are combined together to extract the partial decay widths: Γ 2ν . The events considered are M 2 and M 3 , corresponding to the simultaneous energy deposition in two or three nearby bolometers. One of the bolometers is the source of the decay. The other one or two are the spectators: they just detect the photons escaping from the source. The spectators are required to record a monochromatic signal, corresponding to the full conversion of one or more γs (this implies a dramatic reduction of the background counting rate).
The 90% C.L. limits obtained with Cuoricino 67 are:
A similar analysis, using CUORE-0 data and exploiting the reduced background levels and the improved performances of the detectors, has recently allowed to improve these limits . 
120 Te decays
While β − β − decay remains the most promising mode for the possible detection of neutrinoless mode in double beta decay experiments, there has been a renewed interest in other lepton number violating processes, namely, the neutrinoless modes of double positron decay (β + β + ), positron emitting electron capture (ECβ + ) and double electron capture (EC-EC). These processes are interesting because they are dominated by right-handed weak currents, and can provide crucial inputs for understanding the underlying mechanism of 0νββ, if observed. Tellurium has one candidate isotope, 120 Te, for which ECβ + and EC-EC decays are allowed. The
Te is energetically forbidden, since the mass difference between the neutral mother and daughter atoms ( 120 Te and 120 Sn, respectively) is less than 4m e c 2 . On the other hand, the EC-EC decay is typically suppressed since the final state requires emission of additional particles (namely, two inner-bremsstrahlung photons) to conserve energy-momentum. That leaves ECβ + as the most favorable decay channel that can be probed experimentally with 120 Te. The Q-value of the reaction, for ECβ + , is given by
where the atomic mass difference, ∆M , is 1714.8 ± 1.3 keV. We should also take into account the binding energy of the captured electron which lowers the available kinetic energy (K ECβ + ) of the emitted positron
where E b is the binding energy of the absorbed atomic electron. X-ray and/or Auger electrons are emitted in the de-excitation of the ionized daughter atom. However, the characteristic energy of these are of O(30 keV), and they mostly deposit their energy inside the crystal where the decay has occurred, unless the decay is near the surface. At 0.09(1)% the natural isotopic abundance of 120 Te is very low and far from ideal for a rare decay search. However, the emission of a positron followed by a pair of 511-keV γ rays provides a very clean experimental signature for the ECβ + decay mode. CUORE and CUORE-0 can make use of the segmented detector array to look for events with different multiplicities. In CUORE-0, 69 we looked for an energy deposition of 692.8 keV within a crystal, in coincidence with one or two 511-keV γ rays in the same or nearby detectors. The possible scenarios for detection are listed in Table 2 , and the containment efficiency for each floor is shown in Figure 14 . The absorption length of 511-keV γ in TeO 2 is less than 2 cm and, hence, the probability that it will escape a detector is small. It is, therefore, not surprising that the cleanest of the signature (M 3 ) has, unfortunately, the smallest probability of detection for our crystals. The highest probability of detection corresponds to events in which one or both the 511-keV γ get absorbed in the primary crystal where the decay takes place. However, in these cases it is difficult to discriminate the background based on the multiplicity of the events. 
We used the entire CUORE-0 data set, which corresponds to 35.2 kg·yr of TeO 2 exposure, for the search of ECβ + decay of 120 Te. We implemented a simultaneous unbinned Bayesian fit of the energy spectra for all signatures using the Bayesian Analysis Toolkit (BAT) software package. We performed the fit separately on each signature, as well as on all of them together. In the likelihood, we parameterized the signal as an N -dimensional Gaussian distribution centered at the characteristic energies reported in Table 2 . The background in the ROI was modeled as the sum of a linear background together with a Gaussian for each of the γ peaks in the vicinity of the region of interest. The background arising from Compton-scattered γ rays, namely from 60 Co and 214 Bi, was also taken into account for the double (M 2 ) and triple-coincidence (M 3 ) data. Table 3 shows the limit on T 1/2 for each were treated as nuisance parameters for the Bayesian fit. We deliberately treated the uncertainty on the energy resolution as a systematic effect to keep the analysis simple. If we varied the energy resolution by ±1σ, the limit on the T 1/2 only changed by ∓7%.
As can be seen from Table 3 , the fit on all signatures provides a limit of T 1/2 > 1.6 × 10 21 yr at 90% CI for 0ν-ECβ + decay of 120 Te. A much stronger limit of T 1/2 > 2.7 × 10 21 yr (90% C.L.) is obtained by combining the results of CUORE-0 and Cuoricino. This result has a systematic uncertainty of 5% which is due to the uncertainty on the CUORE-0 energy resolution.
CUORE has the potential to improve this limit significantly. Apart from having a mass which is about 19 times that of CUORE-0, it is also a closely packed array which will result in an enhancement of efficiencies for signatures with M>2. We envisage that we should be able to improve the present limit by at-least two orders of magnitude with CUORE. 
3.5.
128 Te decays
128 Te is the second most abundant natural occurring tellurium isotope, with an isotopic abundance of ∼31.7 %. Like 130 Te, it is a double beta decay emitter, although the decay has never been directly observed. The ratio between its half life and the heavier isotope one has been precisely measured by geochemical experiments to be ∼ 3 × 10 −5 , a result determined by the much smaller phase space.
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The small Q-value of the decay (865.87 keV 70 ) makes its direct detection particularly challenging, both for the already cited small phase space and correspondingly long lifetime, (2.0 ± 0.3 × 10 24 yr 48 ), and because the electron energy spectrum is located in a region where the background generated by the environmental γ radioactivity is typically quite high. Although a positive observation is beyond the reach of present generation experiments, CUORE will certainly be able to largely improve the direct detection limits both for the two neutrino and neutrino-less decay modes. The MiDBD experiment set a lower limit achieved to the 0νββ half-life of this isotope of 1.1×10
23 yr, 22 CUORE, thanks to a more than two orders of magnitude increase in the isotope mass and the reduced background, will be able to achieve a much better sensitivity in a short time.
Other rare decays
Thanks to the performance of the CUORE detector, both in terms of active mass, almost 100% detection efficiency in a wide energy range and the almost unitary energy quenching (i.e. all particles have a similar energy response despite their different specific ionization), a number of rare decays can be studied with high sensitivity and small systematic effects. These processes include both the decay of nuclei that are currently considered stable, and processes not allowed by the Standard Model whose observation would be a hint of Physics beyond it.
Electron Decay
Electron decay is an electric charge-violating phenomenon. The search for charge violating processes is a sensitive test of the Standard Model, as electric charge one of its most relevant building blocks. Although lepton and baryon numbers are violated in a number of grand unified models, the experimental search is generally limited to decays that violate electric charge while conserving all the other conserved numbers.
Possible final states include a photon and a neutrino, or three neutrinos, in order to conserve lepton number.
The search for both final states can profit from CUORE's large detection efficiency, energy resolution, and low threshold. For both the decay modes the X-rays from the de-excitation of the atom whose electron has decayed are expected. Given the very high probability of containing X-rays and Auger electrons in TeO 2 crystals, an energy deposition corresponding to the binding energy E b of the decaying electron is expected in the crystal where the decay occurs. In (14) , an extra energy deposition
is expected when the γ ray is absorbed. This can occur in the same crystal where the electron decay took place, or in one of the neighboring crystals, thus allowing a further background reduction by studying the event topology.
Lorentz invariance violation
Lorentz invariance violation arising from the spontaneous breaking of the underlying space-time symmetry is an interesting theoretical feature that can be parametrized within the so-called Standard Model Extension (SME). In the literature, 71 double beta decay is presented as a process where Lorentz violating effects in the neutrino sector can be investigated. The effect of SME Lorentz invariance violating terms can be studied both in the two-neutrino and in the neutrino-less decay mode.
For what concerns the two-neutrino mode, a distortion of the two-electron summed energy is expected due to an extra term in the phase space factor, with a maximum effect at an energy value that can be predicted by the theory. Therefore an observation would allow to both quantify the magnitude of the violation and confirm the theoretical model describing the physics behind it. For 130 Te, the maximum of the residual spectrum is expected at 1.05 MeV. Between this energy and the Q-value the majority of the events recorded by CUORE are expected to be due to the two-neutrino decay (as can be extrapolated from the comparison of backgrounds in Figure 11 and signal in Figure 12 ), thus allowing a high precision measurement of the spectral shape and its possible deformation.
The neutrino-less decay mode would also be affected by a Lorentz invariance violating term. Supposing that no Majorana mass term exists, it can be shown 71 that a Lorentz invariant violation can alone generate the process. In this case, the decay rate measurement would be sensitive to the same SME coefficient that controls the CPT violation.
4.3.
123 Te decay
The electron capture decay of 123 Te (a naturally occurring isotope of Te) to the ground state of 123 Sb, although expected to occur, has never been experimentally observed. This isotope has an isotopic abundance of 0.908±0.002 and a Q-value of 51.9 keV. Because of the large spin difference between the parent and daughter nuclei, the EC decay occurs primarily from the L and M shells 72, 73 while the capture from the K shell is suppressed by about 3 orders of magnitude.
A sensitive search for the K-shell EC performed with TeO 2 thermal detectors have been able to put only a lower limit on the half-live of 9.2×10 16 yr. 74 Given the enormously increased exposure (the exposure used in the analysis of the cited result corresponds to a single hour of CUORE data taking), CUORE can improve this result by orders of magnitude. The advantages of the thermal detector technique are the same already discussed for the electron decay: as the source is part of the active volume, a signal corresponding to the total binding energy of the captured electron can be measured with almost 100% efficiency. For the (suppressed) K-capture a line at 30.5 keV is expected, while for the most probable L 3 capture (L 1 and L 2 intensities are about one and three orders of magnitude lower than L 3 73 ) the line should appear at 4.1 keV. Finally, the M transitions are all beyond any possible detection capability given their too small energy release (of the order of eV). The excellent energy resolution helps in disentangling these low energy signals from the most relevant backgrounds, i.e. the X-ray/Auger electron cascades generated when a hole is left in a 123 Te atom by the interaction of an externally generated γ. Moreover, in a high granularity array like CUORE, these events have a high chance of generating energy depositions in multiple crystals, while a genuine EC process is most likely a single-crystal event. Other possible backgrounds can come from the EC of 121 Te and 121m Te, both generated via neutron activation of the naturally occurring 120 Te. The neutron flux in the underground location of CUORE, however, is small enough to assume the in situ activation to be negligible, while the activity generated between the growth of the crystals and the storage underground is expected to have already decayed by many orders of magnitude (and could anyway be tagged thanks to its well known time-dependence).
The experimental measurement of 123 Te half life has important theoretical implications: very low rates are predicted if a strong (up to six orders of magnitude 75 ) suppression of the nuclear matrix element is generated by the cancellation between particle-particle and particle-hole correlations. An experimental study of this effect would be a severe test of the nuclear models that are used to calculate the matrix elements for rare electroweak decays. 
Other rare processes
Despite being mainly a tool for studying rare nuclear decays happening inside its active mass, some features of CUORE make it a sensitive probe for the study of other rare processes. Most of these processes have a signature at the lower end of the energy spectrum. The excellent energy resolution of single-particle thermal detectors typically translates into a low energy threshold that, combined with an almost 100% detection efficiency and signal quenching and low background level make them versatile instruments for searches at low energy as well.
Dark Matter search
As discussed extensively in a dedicated paper, 77 CUORE is characterized by an excellent sensitivity for dark matter searches. In particular, very promising is the sensitivity to WIMP expected seasonal modulation generated by the revolution of the Earth. The signature of a WIMP interaction is the recoil of a scattered nucleus in the crystal lattice. The recoil energy spectrum is quasi-exponentially shaped and extends to only few tens of keV for a typical WIMP mass of ∼100 GeV/c 2 . As a consequence of the modulating relative velocity of the Earth with respect to the posited WIMPs galactic halo, a change of the recoil spectral shape and a corresponding modulation of the interaction rate is expected as a function of time, with well defined frequency and phase. This modulation results in a time-dependent observed rate of events with energy close to the detector energy threshold.
Critical aspects of the detector performance to make it suitable for WIMPs search are, obviously, a low energy threshold 78 and large nuclear recoil quenching factor (almost unitary in the case of TeO 2 thermal detectors).
The CUORE-0 detector was used as a test bench for the algorithms needed to lower the threshold and for the analysis procedures. A critical aspect of this analysis is the stability of the background count rate, that is strongly related to the stability of the efficiency of the cuts used to select particle events from any spurious event generating a triggered waveform with similar energy. These cuts are mainly based on the shape of the waveform, thus a large effort has been put into the study of their efficiency and the systematic effect associated to its evaluation.
The large nuclear recoil quenching factor is one of the key advantage of thermal detectors when compared to other detection techniques. CUORE-0 data have been used to evaluate this quenching factor by looking for simultaneous energy depositions in facing crystals, where the sum energy equals the Q-value of an alpha decay. A fraction of these events are generated by alpha-decaying contaminations located on the very surface of a crystal, so that the recoiling nucleus is fully contained in one crystal, while the emitted alpha particle is absorbed in the facing one. This analysis resulted in a value of the quenching factor compatible with unity.
Another aspect of the detector response that has been studied is the energy scale uncertainty at the lower end of the spectrum. Calibration curves are typically built by measuring the detector response to γ radiation at energies starting from above 200 keV. The extrapolation of these response functions at lower energy can be checked by measuring the position of peaks associated to the absorption of Te X-rays (around 27 and 30 keV). A negligible systematic shift is measured.
Based on the experience accumulated with the analysis of CUORE-0 data, the expected sensitivity of the CUORE experiment can be evaluated, taking into account the increased active mass and exposure time. The result is that the CUORE sensitivity, after 5 years of data-taking, is expected to be enough to fully explore the parameter region where a positive annual modulation signal is claimed, 79 providing an important independent contribution to the WIMPs search via direct detection with solid-state devices. 
Axions search
Axions (or more generally axion-like particles, ALPs) are considered an elegant theoretical solution to the strong CP problem in QCD. They appear as the NambuGoldstone bosons of a spontaneously broken U(1) P Q global symmetry of the strong sector, introduced by Peccei and Quinn 80, 81 to explain the observed upper limit of the neutron electric dipole moment, much smaller than the otherwise predicted one.
Light "invisible" axions are considered good candidates for Dark Matter. They are expected to couple both with the electromagnetic field and directly to leptons and quarks, therefore a comparatively large production yield should be associated with dense and hot matter, like the sun's core.
The 57 Fe 14.4 keV nuclear transition is a good candidate process where a monochromatic axion can be emitted in place of the gamma or conversion electron. This nuclear level can be populated in the inner region of the sun via thermal excitation, and 57 Fe is a natural occurring isotope with and isotopic abundance of 2.2%. The axions produced in the Sun can subsequently convert (via the so-called inverse Primakoff effect 82 ) into photons in the electric field of a Te nucleus in the CUORE crystals, generating a 14.4 keV photon that is fully absorbed and detected as a monochromatic peak in the low energy region of the spectrum. As the conversion probability depends on the electron charge distribution, a daily modulation in the counting rate is expected, depending on the orientation of the crystallographic axes of TeO 2 with respect to the Sun direction.
A study 83 is have been published where the sensitivity of the CUORE experiment to this process is computed, based on realistic assumptions for the background levels and energy resolution. An interesting contribution to the exclusion of large axion mass regions of the m a -g aγγ g ef f aN parameters space is discussed.
Supernova neutrinos and neutrino-nucleus coherent elastic scattering
Core-collapse supernovae emit a large fraction of the explosion energy through neutrinos. These neutrino fluxes carry rich information on the particle nature (mass, oscillations) and the supernova mechanism and their detection constitutes the only available prompt signal of the supernova explosion itself. Some present water Cherenkov or liquid scintillator based experiments (SuperKamiokande, 84 Borexino 85 and LVD 86 ) are able to detect supernova neutrinos through Charged Current and Neutral Current scattering on electrons or inverse beta decay processes, but their sensibility is almost limited to electron neutrinos ν e . An alternative and promising mechanism to detect MeV SN neutrinos is neutrinonucleus coherent elastic scattering on target nuclei. 87 This flavor blind, Neutral Current process presents a highly enhanced cross section for small enough momentum transfer allowing the detection of all neutrinos' flavors (ν e ,ν e and ν x , i.e. the sum of ν µ ,ν µ , ν τ ,ν τ ) with the same efficiency of a much larger (about 100 times larger) water Cherenkov or liquid scintillator based experiment. The possibility of detecting all neutrinos' flavors gives valuable model independent information on emission spectra. Moreover, neutrino-nucleus coherent scattering, predicted by the Standard Model, has only recently been observed.
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The CUORE 30, 35 experiment can be considered as a potential "light" (compared to detectors usually built for this purpose) coherent scattering based supernova observatory. The capability of CUORE of using coherent elastic scattering to detect supernova neutrinos can be studied and its sensitivity calculated based on expected signal and available information on the background and energy threshold.
A supernova neutrino detector must be able to detect a burst of neutrinos with a continuum energy spectrum reaching the Earth in a time interval of few seconds. As long as coherent elastic scattering is the mechanism of interaction in the detector, the signal is given by the recoils of the nuclei inside the detector lattice, hit by the interacting neutrinos. Typical energies for nuclei scattered by supernova neutrinos are below 10 to 100 keV (depending on whether the scatter happens on Te or O nuclei), with an exponentially shaped spectrum. Detector threshold is a very important parameter to be taken into account evaluating the detector sensitivity.
Based on 87 and assuming a threshold around 3 keV 78 ), ∼ 10-15 neutrino scattering-generated events are expected within the first ∼30 keV above threshold for a galactic supernova explosion (∼10 kPc). These events are exponentially distributed in time with a time constant of ∼ 3.5 seconds, and must be compared with the average number of uniformly distributed background events in the same energy window. In CUORE this rate is conservatively expected to be around 1 Hz over the whole detector, making it sensitive to this kind of event. 0 23. E. Fiorini 
